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those that occur locally during embryonic development, at heart valve leaflets, and at sites of aneurysm formation. We built
an impinging flow device that exposes endothelial cells to gradients of shear stress. Using this device, we investigated the
response of microvascular endothelial cells to shear-stress gradients that ranged from 0 to a peak shear stress of 9–210
dyn/cm2. We observe that at high confluency, these cells migrate against the direction of fluid flow and concentrate in the region
of maximum wall shear stress, whereas low-density microvascular endothelial cells that lack cell-cell contacts migrate in the flow
direction. In addition, the cells align parallel to the flow at low wall shear stresses but orient perpendicularly to the flow direction
above a critical threshold in local wall shear stress. Our observations suggest that endothelial cells are exquisitely sensitive to
both magnitude and spatial gradients in wall shear stress. The impinging flow device provides a, to our knowledge, novel means
to study endothelial cell migration and polarization in response to gradients in physical forces such as wall shear stress.INTRODUCTIONSpatial gradients in wall shear stress have emerged as an
important factor for cardiovascular development. A high
shear stress of ~76 dyn/cm2 and vortical flow are required
for normal heart development in zebrafish, where occluded
flow results in an abnormal third chamber and improper
valve development (1). Large shear-stress gradients likewise
exist in the heart tube of the developing quail embryo, where
high localized shear stresses in the outflow tract coincide
with future locations of aortic and pulmonary valve forma-
tion (2,3). Endothelial cells (ECs) lining the aortic valve
leaflets, where high shear-stress gradients occur, align
perpendicular to the flow, possibly reflecting a response to
the high shear stress present in the left ventricle (4). At
present the mechanisms underlying the EC response to
spatial gradients in wall shear stress (WSS) remain essen-
tially unknown.
In contrast to cardiovascular development, most segments
of the circulatory system maintain a uniform vessel WSS
of ~15 dyn/cm2 (5). These flow conditions result in EC
orientation parallel to the direction of blood flow to form
a monolayer that is resistant to thrombosis and vascular
inflammation (5–8). However, portions of the vasculature
necessarily generate flow profiles that deviate from these
desirable conditions. Arterial bends and bifurcations result
in regions of weak, oscillatory, or spatially complex flows
(often termed disturbed flow). A large body of work indi-
cates that ECs subject to disturbed flow initiate a series of
signaling events that lead to monocyte recruitment, lipidSubmitted June 7, 2013, and accepted for publication November 26, 2013.
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0006-3495/14/01/0366/9 $2.00deposition, and ultimately the formation of atherosclerotic
plaques (7,9–28) In contrast, bifurcations in the intracranial
vasculature, which are common sites of aneurysm forma-
tion, experience impinging flows that lead to shear stresses
of up to 340 dyn/cm2 along with large WSS gradients
(WSSGs) (29–31). In contrast to disturbed flow (7,9–28),
relatively few studies have examined the EC response to
impinging flow fields.
In vitro devices that produce fluid flows with spatial inho-
mogeneities in WSS have been used to study the effects of
complex fluid flow on EC migration, proliferation, and
signaling (10,32,33). In one well studied geometry, a verti-
cal-step flow channel creates a stagnation line, recirculation,
and local WSSGs. Authors of previous studies using this
geometry report a decrease in cell density near the stagna-
tion line and increased cell proliferation (10,15). Cells
distant from the stagnation line experience uniform WSS,
adopt a classic elongated shape, align parallel with the
flow direction (34), and produce higher traction forces
(35). Conversely, those near the stagnation line adopt a
polygonal morphology associated with sites of disturbed
flow in vivo (26). Further studies demonstrated that ECs
are exquisitely sensitive to the temporal gradients in shear
and demonstrated that the temporal gradient produced by
the sudden onset of flow, rather than spatial gradients,
stimulates human umbilical microvascular EC (HUVEC)
proliferation and activation of extracellular signal-regulated
kinases 1 and 2 (ERK1/2) (36–38). Although the step-flow
geometry recapitulates important aspects of the disturbed
flow that occurs in vivo, the resulting flow profile makes
it difficult to separate the effects of flow recirculation,
time-varying flow, and spatial gradients in WSS.http://dx.doi.org/10.1016/j.bpj.2013.11.4502
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used to expose ECs specifically to WSSGs. In these
experiments, ECs exposed to WSSGs alter the expression
levels of proteins associated with inflammatory signaling
(39–41). WSSGs were also reported either to hinder EC
alignment (42) or to enhance alignment, specifically in re-
gions of negative WSSGs (43). In an alternative approach,
in several studies a T-junction was employed to simulate
the flow at an arterial bifurcation. Using this geometry,
Szymanski et al. observed that ECs aligned parallel to the
flow direction except near the stagnation line (44), whereas
Sakamoto et al. found that WSSGs blocked HUVEC
alignment in the flow direction (45,46). Although previous
studies have yielded insight into the response of blood
ECs to WSSGs, they also reveal a potentially complex
response in which WSSGs can either enhance (43) or block
(42) flow-induced cell alignment.
We built an impinging-flow-cell (IFC) device to generate
controlled gradients in shear stress and to study the
migration and polarization of human microvascular ECs
(HMVECs) (Fig. 1 and Fig. S1 in the Supporting Material).
The flow field produced by the IFC is shown in Fig. 1 a. The
radially symmetric WSS is zero directly under the
impinging flow and increases to its maximum at the inlet
radius (0.35 mm, or ~10 cell lengths). An important advan-
tage of the IFC is the time invariance of the impingement
location directly under the flow. Another advantage is the
ability to precisely tune the WSSG and to examine cell
behavior in response to WSSs that increase in the flow
direction (within the orifice radius) or decrease in the flow
direction (outside the orifice radius). The EC response to
fluid flow is highly time-dependent. Accordingly, we use
live-cell imaging to continuously track and quantify EC
migration and reorientation over a 21-h period.
Very little is known about the response of lymphatic
microvascular ECs to WSSGs, despite the presence of
WSSGs in the lymphatic vasculature (47). Specifically, the
response of lymphatic microvascular ECs to WSSGs overpump. The tube that recirculates fluid resides at the side of the cell culture dish an
shear experienced at the cell surface; blue) and normal stresses (red) plotted for fl
stagnation point directly below the center of the flow orifice. Peak WSSs are 9 an
maximum at r ¼ ~0.35 mm regardless of flow rate. Normal stresses are minortime and across a wide range of WSSs remains uncharacter-
ized. Here, we systematically measure the effects of WSSGs
on lymphatic HMVEC alignment and migration across
a wide range of WSSs and WSSGs. We find that over a
wide range of shear stress (9–210 dyn/cm2), microvascular
ECs migrate against the direction of fluid flow and concen-
trate in the region of maximum WSS. Significantly, we find
that the expanding flow field produced by the IFC causes
ECs to align perpendicular to the flow direction at local
WSSs >34 dyn/cm2. In contrast, ECs align along the flow
direction at lower WSS values.MATERIALS AND METHODS
IFC experiments
The IFC device was fabricated out of acrylic to allow light to pass through
the device for time-lapse, brightfield imaging (Fig. 1 c). The device is
mounted on an xyz translation stage suspended at a fixed height over a
cell culture dish seeded with ECs. The impinging-flow exit orifice is
oriented normal to the EC surface and dispenses fluid (cell culture media)
onto the EC monolayer. The orifice radius is 0.35 mm and the height of the
orifice above the endothelial layer is 1 mm. A photograph of the IFC is
shown in Fig. S1. A nine-roller dampened peristaltic pump (Idex, Oak
Harbor, WA) was used to deliver cell culture media onto the cell surface.
Brightfield images were collected using a 4 Nikon objective and a Flea
3 camera (Point Grey, Richmond, BC, Canada) or an Andor Neo camera
(Andor Technology, Belfast, United Kingdom). Temperature control was
maintained at 37 5 0.1C using resistive heaters. A temperature-control
systemmaintains both the temperature of the cell culture dish and the media
impinging onto the cells to avoid temperature gradients.Fluid dynamics
To derive the WSSs and normal stresses in the IFC, numerical calculations
were performed on the full Navier-Stokes equations using the commercial
finite-element analysis (FEA) package COMSOL Multiphysics 3.5a. The
no-slip boundary condition was applied to the walls of the IFC orifice. At
the return channel, where fluid was drawn into the pump, the flow rate
was specified with a uniform velocity distribution. The pressure was set
to match ambient conditions. Lagrange quadratic shape functions were
used to approximate the solution to the differential equations on eachFIGURE 1 Impinging flow device produces
a gradient in WSS. (a) Velocity flow field
(shown in vertical cross section) produced by a
0.7-mm-diameter submerged orifice and a flow
rate of 1.5 mL/min. The flow field is radially sym-
metric, with only the right hand side shown here.
The fluid velocity magnitude is represented with
color, the fluid direction with vectors, and flow
streamlines with black lines (see also Fig. S2).
ECs (red) experience a spatially varying WSS
generated by the impinging flow. (b) The IFC
device is fabricated out of acrylic to allow transil-
lumination for time-lapse imaging. Cell culture
media is recirculated using a dampened peristaltic
d does not affect the flow profile in the impinging flow region. (c) WSS (i.e.,
ow rates of 1.5 and 4.5 mL/min as a function of the radial distance from the
d 68 dyn/cm2 at flow rates of 1.5 and 4.5 mL/min. Note that WSS reaches a
relative to shear stresses. To see this figure in color, go online.
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368 Ostrowski et al.mesh element and refined until the numerical values of the shear stress
changed by <0.1%. The Reynolds numbers were calculated using the
diameter of the exit orifice as the length scale, the viscosity of the media
at 37C, and the average velocity calculated from experimental flow rates.
All Reynolds numbers were in the laminar flow regime such that the finite-
element calculations are sufficient to provide a faithful simulation of the
experimental flow fields.FIGURE 2 Analysis of cell reorientation. Cell orientation is character-
ized by analyzing images before and after exposure to 21 h of impinging
flow. (a) Due to the radial symmetry of the flow, the image is divided
into six concentric rings with ring thickness 185 mm and labeled 1–6.
The center stagnation point is located at the center of region 1 and the
region of maximumWSS is located in region 2. The shear stress magnitude
decreases from region 3 to region 6 (see Fig. 1 c). Fluid flow direction is
indicated by blue arrows. Cell orientation is represented by highlighting
the major axis of cells relative to fluid flow direction in blue for parallel
orientation (0–30), red for perpendicular orientation (60–90), or green
for intermediate orientation (30–60) and overlaid onto bright-field images
as shown in Fig. 4. (b) Rosette plots show the frequency of orientation
within each ring. Orientations between 0 and 90 are depicted in 15
degree increments in the rosette plots, ranging from blue (parallel) to red
(perpendicular) with respect to flow. Yellow, green, cyan, and bright blue
represent cells at intermediate orientations. To see this figure in color,
go online.Primary cell culture
Primary HMVECs (CC-2810) separated from microvascular blood ECs on
the basis of lymphatic markers and primary HUVECs (C2519A) were
purchased from Lonza (Basel, Switzerland) and grown in EGM-2 basal
medium (CC-3156, Lonza) containing supplements and growth factors
(GFs) (CC-4147, Lonza), including 5% fetal bovine serum, human
epidermal GF, vascular epidermal GF (VEGF), human basic fibroblast
GF B, insulinlike GF (R3-IGF-1, hydrocortisone, and ascorbic acid.
Penicillin (50 units/mL) and streptomycin (50 mg/mL) (Invitrogen, Carls-
bad, CA) were added to the media. Cells were used between passages
8–12. One to three days before the experiment, cells were plated onto
a 55-mm cell culture dish with a glass 1.5 coverslip bottom (In Vitro
Scientific, San Jose, CA). These dishes were precoated with 0.2% gelatin
(Sigma-Aldrich, St. Louis, MO) for 10 min. The gelatin was then aspirated
and cells were plated at 3–5  105 cells/dish. Before imaging, the cells
were switched to CO2-independent media (18045-088, Life Technologies,
Carlsbad, CA) that included 5% fetal bovine serum, the endothelial growth
factor kit from Lonza (CC-4147), 50 units/mL of penicillin, and 50 mg/mL
streptomycin (Invitrogen). Experiments were performed either with cells at
surface coverage of >95% to ensure that cells had sufficient contact with
neighboring cells, or at surface coverage of 18% to ensure that cells lacked
cell-cell contact. Cells were allowed to equilibrate in this media for 3 h
before the start of the experiment. At the beginning of the experiment,
the cell dish was placed on the microscope and the IFC was placed 1 mm
above the cells. The flow rate was ramped to the desired value over a
1-min period.Immunofluorescence
Samples were washed with phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde (Fluka, Milwaukee, WI) in PBS (wt %) for 10 min,
permeabilized with 0.5% Triton X-100 (Fluka) in PBS (v%) for 10 min
at room temperature, and washed with PBS. Samples were then incubated
for 30 min with 1% bovine serum albumin (Sigma Aldrich) in PBS (wt %).
Fluorescence staining was performed using Alexa Fluor 488 phalloidin
(33 nM) and Hoechst (10 mg/mL), each for 5 min at room temperature,
and followed by two rinses of PBS. The actin cytoskeleton and nucleus
were visualized on a Nikon (Melville, NY) Ti microscope (40 air
objective.)Live-cell imaging analysis
Live-cell imaging movies were processed with Fiji software (48) and
analyzed using custom Matlab routines. All image files were bandpass
filtered in Fiji using high- and low-frequency cutoffs at 2 and 20 pixels
(49). Cell orientation was quantified with respect to a ray originating
from the center stagnation point and extending to the center of the cell
(Fig. 2 a). The field of view was divided into concentric rings such that
cells within a ring experienced similar shear stress due to the radial symme-
try of the IFC (Fig. 2 a). The distribution of EC orientation within a ring
at a given time point is plotted using a rosette histogram created in
MATLAB (Fig. 2 b). Cell migration was tracked over 21 h: cell location
was determined once every 20 min and the cell tracks were plotted using
the Manual Tracking plugin in Fiji.Biophysical Journal 106(2) 366–374Statistical analysis
Cell-displacement data were evaluated for normality using the Kolmo-
gorov-Smirnov test and found not to follow a normal distribution. As
such, comparisons of migration distance were determined to be statistically
significant using the Wilcoxon test. P-values were computed in MATLAB.
Cell proliferation was evaluated for statistical significance using a two-
sided z-test.RESULTS
In our experiments cell culture media emerges from the IFC
orifice, impinges normal to the cell surface, separates, and
then flows radially outward across the coverslip surface
(Fig. 1 a). The shear stress as a function of radial position,
based on computation fluid dynamics results, is shown in
Fig. 1 c. The WSS is zero (at r ¼ 0) directly under the
exit of the IFC. This location of zero radial shear stress
and zero radial velocity is termed a stagnation point. WSS
increases radially outward to a maximum at a distance of
0.35 mm and then diminishes to near zero at ~2 mm from
the center point of flow impingement. Flow rates were
chosen such that corresponding WSSs would span the
wide range of values found during vessel development and
disease. Experiments performed with flow rates of 1.5,
3.0, 4.5, and 9.0 mL/min corresponded to calculated
maximum WSSs of 9, 34, 68, and 210 dyn/cm2, respec-
tively, using the FEA approach described above. The normal
FIGURE 3 Contrast-enhanced representative images of HMVECs
exposed to WSSGs produced by impinging fluid flow for 21 h. (a)
HMVECs shown with a representative initially random orientation. (b)
ECs exposed to impinging flow with a maximum WSS of 9 dyn/cm2
were polygonal near the stagnation point but predominately oriented paral-
lel to flow distal to the region of maximum shear (beyond yellow circle). (c
and d) ECs exposed to higher flow rates (3.0 and 4.5 mL/min) and
maximum WSSs of 32 and 68 dyn/cm2 adopted an azimuthal orientation
(perpendicular to flow) at radial distances around the maximum in shear
stress (yellow dashed circle), but aligned parallel to flow farther from the
peak in shear stress. (e) The flow rate of 9 mL/min (maximum WSS of
Endothelial Cell Migration in Shear Stress Gradients 369stresses due to the flow impingement are a minor component
relative to the WSS (Fig. 1 c).
The resulting velocity field from FEA is shown in Fig. S2
for 1.5 and 4.5 mL/min, respectively. The IFC device pro-
duces a flow vortex in the chamber. It is important to note,
however, that the cells adhering to the impingement surface
experience a smoothly varying WSS (Fig. 1 c). The calcu-
lated Reynolds numbers for the flow rates used in our exper-
iments are 67, 133, 200, and 400. These low Reynolds
numbers preclude the existence of turbulence in our exper-
iments (50), and indicate that for all cases under study the
flow instead remains laminar, consistent with the finite-
element modeling. Given the low values of the Reynolds
numbers, the relative simplicity of the geometry, and the
use of simple fluids, the finite-element calculations are suf-
ficient to give confidence in the resulting WSSs and flow
profiles (51). Fluid flow was additionally visualized with
3-mm beads to confirm that the flow was radially outward
and away from the center (data not shown.)
HMVECs exposed to impinging flow for 21 h showed
striking alignment patterns. HMVECs were initially
randomly oriented (Fig. 3 a). ECs exposed to flow with a
maximum WSS of 9 dyn/cm2 were unoriented near the
stagnation point but predominantly oriented parallel to
flow farther from the center (Figs. 3 b, 4 a, and 5 b).
HMVECs exposed to higher maximum WSSs of 34 and
68 dyn/cm2 adopted an azimuthal orientation (perpendicular
to flow) at radial distances comparable to the maximum
in WSS, but aligned parallel to flow farther from the
peak in shear stress (Figs. 3, c and d, 4 b, and 5 c). Flow
rates characterized by a maximum WSS of 210 dyn/cm2
resulted in cell detachment near the flow orifice, whereas
the remaining cells adopted an azimuthal orientation
(Figs. 3 e, 4 c, and 5 d).
We observed that HMVECs with a surface coverage
>95% migrate against the flow direction and toward the
center of the IFC. ECs exposed to a peak WSS of both
9 and 68 dyn/cm2 migrated inward and toward the radial
position of the WSS maximum over 21 h (Fig. 6 and Movies
S1 and S2). This upstream migration likely does not reflect
a response to the normal velocity gradients (i.e., dvz/dz),
which are an order of magnitude smaller than the WSS
(Fig. 1 c). Inward migration was faster at higher flow rates.
ECs experiencing a maximum stress of 68 dyn/cm2
migrated farther compared to the cells experiencing a lower
WSS of 9 dyn/cm2 (p < 0.005 for comparisons of regions
3–5 at 9 vs. 68 dyn/cm2 peak WSS flow conditions). To
establish the limit of the HMVEC’s ability to migrate
against flow, we exposed cells to an extreme peak shear210 dyn/cm2) resulted in cell erosion near the maximum in shear stress,
whereas the remaining cells adopted an azimuthal orientation. Gray region
with asterisk in b represents an area where valid EC images were not
obtained because of poor contrast. Scale bars, 100 mm. To see this figure
in color, go online.
Biophysical Journal 106(2) 366–374
FIGURE 4 Orientation analysis of HMVECs
exposed to impinging flow. Blue indicates EC
alignment parallel to flow, red indicates alignment
perpendicular to flow, and green indicates an inter-
mediate orientation (see Fig. 2). (a) Image of
HMVECs after 21 h of impinging flow with peak
WSS of 9 dyn/cm2. Cells beyond the shear stress
maximum are primarily oriented parallel to the
flow (regions 3–5), whereas cells in the stagnation
region (region 1) are predominantly unaligned. (b)
HMVECs after 21 h of impinging flow with maximum shear stress of 68 dyn/cm2. Cells in the vicinity of the WSS maximum (region 2) are predominantly
oriented azimuthally, whereas cells beyond this region are oriented parallel to the flow. (c) HMVECs after 21-h exposure to peak WSS of 210 dyn/cm2. Cells
in regions 1 and 2, and in much of region 3 were ablated due to high shear stress. Cells in regions 3–5 are oriented perpendicular to flow. Scale bars, 100 mm.
To see this figure in color, go online.
370 Ostrowski et al.stress of 210 dyn/cm2 (9 mL/min). HMVECs under
these conditions are at first pushed outward from the
region of the impinging flow, but then adapt, change direc-
tion, and migrate upstream after ~16.7 h, as shown in Fig. 7
(Movie S3).
In contrast to the upstream migration we observed at high
cell densities (>95% surface coverage), cells seeded at low
density (~18% surface coverage) and that lack cell-cell con-
tacts were observed to migrate downstream (Movie S4). In
agreement with previous results (52), we find that HMVECs
move in the flow direction when exposed to spatially uni-
form WSS generated by a parallel-plate flow chamber
(data not shown).
We directly observe inward migration and subsequent
concentration of ECs under the IFC orifice. However, the
WSSG could in principle additionally alter the rate of cell
proliferation. To determine whether this was the case,
HMVECs exposed to 68 dyn/cm2 peak WSS for 21 h
were fixed and stained with the proliferation marker Ki67
(see Fig. 8) . The fraction of Ki67-positive cells both close
to and far away from the orifice center are statisticallyBiophysical Journal 106(2) 366–374similar (p > 0.05), showing that neither WSS magnitude
nor local WSSGs appreciably alter proliferation rates under
our conditions. We further analyzed the real-time data to
examine the possibility that dividing cells were washed
away during the course of the experiment. We found that
the large majority (>95% at 68 dyn/cm2 peak WSS) of
dividing cells remained attached during cytokinesis under
these conditions.DISCUSSION AND CONCLUSIONS
We describe an IFC designed to expose ECs to controlled
gradients in WSS. This flow geometry recapitulates key
features of complex flow environments found in vivo,
notably a central stagnation point where cells experience
zero to low WSS that increases to a maximum and then
decreases with radial distance from the stagnation point.
Although other in vitro flow geometries have been used
to generate regions of flow impingement, the IFC geometry
offers the advantage of a point of zero radial velocity and
shear stress (flow stagnation) whose location is insensitiveFIGURE 5 Quantification of HMVEC realign-
ment due to shear stress. Images of cells exposed
to 0, 9, 68, and 210 dyn/cm2 were divided
into six regions, as described in Methods, and the
distribution of cell orientation was quantified for
each region. (a) Static (no-flow) control. Distribu-
tions are predominantly random. (b) Peak WSS of
9 dyn/cm2. Cells in regions 1 and 2 are predomi-
nantly randomly oriented. Cells in zones 3–6 are
aligned predominantly parallel to the flow. (c)
Peak WSS of 68 dyn/cm2. Cells in zone 2 adopt
an azimuthal orientation relative to flow, whereas
cells outside the shear stress maximum (zones 3–
6) orient parallel to the flow. (d) Peak WSS of
210 dyn/cm2. Cells in regions 1 and 2 were sheared
off of the surface. Cells in rings 3–5 orient perpen-
dicular to the flow direction. To see this figure in
color, go online.
FIGURE 6 HMVEC migration in response to impinging flow. (a and c)
Migration trajectories for cells traveling over a 21-h imaging period and
exposed to a peak shear of 9 dyn/cm2 (170 cells) and 68 dyn/cm2 (240
cells). Endpoints are marked by closed circles. Cells migrate preferentially
against the direction of flow and toward the WSS maximum. Scale bars,
100 mm. (b and d) Total radial displacement over 21 h for shear stress max-
ima of 9 and 68 dyn/cm2. Distances for individual cells are shown in yellow;
also shown are means (green circles) median values (red lines), and 25th
and 75th percentiles (boxes). Cells originating in rings 3–5 migrate farther
at 68 dyn/cm2 than at 9 dyn/cm2 (**p < 0.005, Wilcoxon test). To see this
figure in color, go online.
FIGURE 7 Images of HMVECs exposed to a maximum WSS of
210 dyn/cm2 at three time points. (a) At 3.3 h, cells under the impinging
flow orifice are sheared from the surface. (b) The region eroded of cells
reached its maximum radial position at 16.7 h. (c) The yellow circle indi-
cates the maximum extent of the eroded region. After 23.6 h cells have
moved inward against the flow and are located inside the yellow circle.
Scale bars, 100 mm. To see this figure in color, go online.
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and temporally invariant. The location of the maximum
WSS is also insensitive to flow rate over ranges that generate
physiologically relevant shear stresses. Our design offers the
critical advantage of accommodating live-cell imaging over
long periods of time. We found this capability to be essential
in elucidating the underlying mechanisms responsible for
changes in EC density and orientation with time.
We observed that the WSSG distribution produced by
an impinging flow stimulates HMVECs to migrate against
the direction of flow and toward the region of maximum
shear stress. Furthermore, HMVECs adopt an azimuthal
orientation in the vicinity of the maximum WSS. These
behaviors are enhanced at higher flow rates: HMVECs
migrate 56% farther inward over a 21-h periodwhen exposed
to flows generating a maximum WSS of 68 dyn/cm2 vs.
9 dyn/cm2 (Fig. 6). Staining with the proliferation marker
Ki67 confirmed that the resulting increase in cell density
at the flow separation point results from cell migration
rather than proliferation. Physiological levels of WSS
(10–20 dyn/cm2) have been found to suppress EC prolife-
ration compared with static conditions, although WSSs
>30 dyn/cm2 are reported to result in progressively
increasing rates of cell proliferation (43,53,54). The WSSGs
in our experiment do not change cell proliferation rates, in
agreement with previous studies indicating that spatial gradi-
ents in shear do not stimulate cell proliferation (37,38,55).Previous work highlights the complexity of the EC
response to WSS and WSSGs. Studies that employed a
vertical step to produce a varying stagnation line report a
decrease in cell density in the region of flow stagnation
and cell migration in the flow direction (10,15). However,
these studies differ from our own in that the step flow geom-
etry creates a more complex flow pattern, which makes a
direct comparison to our results complicated. In addition,
our experiments use higher peak WSS than in the previous
studies mentioned (68 vs. <24 dyn/cm2). The migration
and alignment behaviors that we observe may thus reflect
a specific response to high WSSs and WSSGs, responses
less studied in comparison with the EC response to athero-
genic, low flow rates.
To our knowledge, lymphatic EC migration specifically
in response to WSSGs has not been systematically studied.Biophysical Journal 106(2) 366–374
FIGURE 8 Images of fixed and stained HMVECs that were subject to
impinging flow. Green, actin; blue, Hoechst (nucleus); pink, Ki-67 (prolif-
erating cells). (a) Cells proximal to the orifice. A white ring denotes the
approximate orifice position. Cells align azimuthally in the vicinity of the
orifice, with actin stress fibers oriented perpendicular to flow. Of 698 cells,
41 (5.9%) are positive for Ki67. (b) A field of view 8 mm away from the
orifice, where WSS is close to zero. Of 564 cells, 42 (7.4%) are positive
for Ki67. Examples of Ki67-stained cells are indicated by arrowheads for
clarity. The difference in cell proliferation is not statistically significant,
(p > 0.05). Scale bars, 100 mm. To see this figure in color, go online.
372 Ostrowski et al.However, several recent studies have examined blood
EC alignment in response to WSSGs. Bovine aortic ECs
(BAECs) cultured in a T-junction device remained un-
aligned in regions featuring positive WSSGs (44). In a study
by Sato et al., HUVECs grown in a similar T-junction device
also exhibited suppressed EC alignment in regions of
WSSGs (46). Using a converging/diverging channel, Dolan
et al. showed that BAECs discriminate between positive
and negative gradients in WSS, where negative gradients
promote rather than suppress alignment in the flow direction
(43). In contrast, BAECs in high but uniform shear stress
remain aligned with flow direction (56). In related work,
HUVECs were observed to migrate either up- or down-
stream when seeded on different polymeric substrates,
suggesting a contributory role for signaling at cell contacts
with the extracellular matrix (57).
It is likely that at least some of the variation in EC
response to WSSs and WSSGs may reflect differences
intrinsic to EC subtype. Although the response of HMVECs
in our experiments was robust, in preliminary experiments,
we observe that HUVECs orient with the flow direction at
peak shear stresses of 30–68 dyn/cm2 and migrate both
with the flow and against the flow (data not shown). At
present, little is known about the differential response of
arterial, venous, and microvascular ECs to WSS, providing
an opportunity for future investigations.
The exact mechanism by which ECs sense shear stress
remains unclear. Several EC flow sensors have been
proposed for blood ECs, including the endothelial glycoca-
lyx (58–63), integrin complexes (64–66), ion channels
(67,68), primary cilia (69–73), caveolae (74,75), and a com-
plex that includes PECAM-1, VE-cadherin, and VEGFR2
(52). Our observations suggest that the ability of HMVECs
to sense flow requires cell-cell contact, since noncontacting
HMVECs migrate downstream, as opposed to upstream.Biophysical Journal 106(2) 366–374This result is consistent with previous work showing
that flow sensing involving PECAM-1, VE-cadherin, and
VEGFR2 is dependent upon cell-cell contacts (52). Under-
standing the signaling mechanisms that connect flow to
EC polarization and migration provides an exciting oppor-
tunity for future investigations.SUPPORTING MATERIAL
Two figures and four movies are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(13)05807-4.
We thank the members of the G.G.F., A.R.D., and J.P.C. laboratories for
insightful discussions. We thank the Stanford School of Medicine Neuro-
science Imaging Core, and specifically Andrew Olson, for helpful discus-
sions. We gratefully acknowledge the support of Kevin P. Killeen and
Hongfeng Yin.
This material is based in part on work supported by a Stanford Bio-X IIP
award, a Stanford Cardiovascular Institute Seed grant, a National Science
Foundation under Emerging Frontiers in Research and Innovation (EFRI)
grant 1136790 to A.R.D., a National Institutes of Health (NIH) New
Innovator Award 1DP2OD007078-01 to A.R.D., NIH grant U01HL100397
to J.P.C., and a Burroughs-Wellcome Career Award at the Scientific
Interface to A.R.D. M.A.O. acknowledges financial support from Agilent
Technologies.REFERENCES
1. Hove, J. R., R. W. Ko¨ster,., M. Gharib. 2003. Intracardiac fluid forces
are an essential epigenetic factor for embryonic cardiogenesis. Nature.
421:172–177.
2. Peterson, L. M., M. W. Jenkins, ., A. M. Rollins. 2012. 4D shear
stress maps of the developing heart using Doppler optical coherence to-
mography. Biomed. Opt. Express. 3:3022–3032.
3. Garita, B., M.W. Jenkins,., K. K. Linask. 2011. Blood flow dynamics
of one cardiac cycle and relationship to mechanotransduction and
trabeculation during heart looping. Am. J. Physiol. Heart Circ. Physiol.
300:H879–H891.
4. Deck, J. D. 1986. Endothelial cell orientation on aortic valve leaflets.
Cardiovasc. Res. 20:760–767.
5. Malek, A. M., S. L. Alper, and S. Izumo. 1999. Hemodynamic shear
stress and its role in atherosclerosis. JAMA. 282:2035–2042.
6. Chiu, J. J., and S. Chien. 2011. Effects of disturbed flow on vascular
endothelium: pathophysiological basis and clinical perspectives.
Physiol. Rev. 91:327–387.
7. Hahn, C., and M. A. Schwartz. 2009. Mechanotransduction in vascular
physiology and atherogenesis. Nat. Rev. Mol. Cell Biol. 10:53–62.
8. Cooke, J. P. 2003. Flow, NO, and atherogenesis. Proc. Natl. Acad. Sci.
USA. 100:768–770.
9. Nagel, T., N. Resnick,., M. A. Gimbrone, Jr. 1999. Vascular endothe-
lial cells respond to spatial gradients in fluid shear stress by enhanced
activation of transcription factors. Arterioscler. Thromb. Vasc. Biol.
19:1825–1834.
10. DePaola, N., M. A. Gimbrone, Jr.,., C. F. Dewey, Jr. 1992. Vascular
endothelium responds to fluid shear stress gradients. Arterioscler.
Thromb. 12:1254–1257.
11. Chien, S. 2008. Effects of disturbed flow on endothelial cells. Ann.
Biomed. Eng. 36:554–562.
12. Chien, S. 2003. Molecular and mechanical bases of focal lipid accu-
mulation in arterial wall. Prog. Biophys. Mol. Biol. 83:131–151.
Endothelial Cell Migration in Shear Stress Gradients 37313. Hsu, P. P., S. Li,., S. Chien. 2001. Effects of flow patterns on endo-
thelial cell migration into a zone of mechanical denudation. Biochem.
Biophys. Res. Commun. 285:751–759.
14. Phelps, J. E., and N. DePaola. 2000. Spatial variations in endothelial
barrier function in disturbed flows in vitro. Am. J. Physiol. Heart
Circ. Physiol. 278:H469–H476.
15. Tardy, Y., N. Resnick,., C. F. Dewey, Jr. 1997. Shear stress gradients
remodel endothelial monolayers in vitro via a cell proliferation-migra-
tion-loss cycle. Arterioscler. Thromb. Vasc. Biol. 17:3102–3106.
16. Estrada, R., G. A. Giridharan, M. D. Nguyen, ., P. Sethu. 2011.
Microfluidic endothelial cell culture model to replicate disturbed
flow conditions seen in atherosclerosis susceptible regions. Bio-
microfluidics. 5:032006.
17. McKinney, V. Z., K. D. Rinker, and G. A. Truskey. 2006. Normal and
shear stresses influence the spatial distribution of intracellular adhesion
molecule-1 expression in human umbilical vein endothelial cells
exposed to sudden expansion flow. J. Biomech. 39:806–817.
18. Jo, H., H. Song, and A. Mowbray. 2006. Role of NADPH oxidases in
disturbed flow- and BMP4-induced inflammation and atherosclerosis.
Antioxid. Redox Signal. 8:1609–1619.
19. Sorescu, G. P., H. Song,., H. Jo. 2004. Bone morphogenic protein 4
produced in endothelial cells by oscillatory shear stress induces mono-
cyte adhesion by stimulating reactive oxygen species production from a
nox1-based NADPH oxidase. Circ. Res. 95:773–779.
20. Nam, D., C. W. Ni,., H. Jo. 2009. Partial carotid ligation is a model
of acutely induced disturbed flow, leading to rapid endothelial
dysfunction and atherosclerosis. Am. J. Physiol. Heart Circ. Physiol.
297:H1535–H1543.
21. Chiu, J. J., C. N. Chen, ., S. Usami. 2003. Analysis of the effect
of disturbed flow on monocytic adhesion to endothelial cells.
J. Biomech. 36:1883–1895.
22. Passerini, A. G., D. C. Polacek, ., P. F. Davies. 2004. Coexisting
proinflammatory and antioxidative endothelial transcription profiles
in a disturbed flow region of the adult porcine aorta. Proc. Natl.
Acad. Sci. USA. 101:2482–2487.
23. Davies, P. F., M. Civelek,., A. G. Passerini. 2010. Endothelial hetero-
geneity associated with regional athero-susceptibility and adaptation to
disturbed blood flow in vivo. Semin. Thromb. Hemost. 36:265–275.
24. Tsao, P. S., N. P. Lewis,., J. P. Cooke. 1995. Exposure to shear stress
alters endothelial adhesiveness. Role of nitric oxide. Circulation.
92:3513–3519.
25. Tsao, P. S., R. Buitrago, ., J. P. Cooke. 1996. Fluid flow inhibits
endothelial adhesiveness. Nitric oxide and transcriptional regulation
of VCAM-1. Circulation. 94:1682–1689.
26. Cornhill, J. F., and M. R. Roach. 1976. A quantitative study of the
localization of atherosclerotic lesions in the rabbit aorta. Atheroscle-
rosis. 23:489–501.
27. Glagov, S., C. Zarins,., D. N. Ku. 1988. Hemodynamics and athero-
sclerosis. Insights and perspectives gained from studies of human
arteries. Arch. Pathol. Lab. Med. 112:1018–1031.
28. Lutz, R. J., J. N. Cannon, ., D. L. Fry. 1977. Wall shear stress
distribution in a model canine artery during steady flow. Circ. Res.
41:391–399.
29. Alnaes, M. S., J. Isaksen, ., T. Ingebrigtsen. 2007. Computation of
hemodynamics in the circle of Willis. Stroke. 38:2500–2505.
30. Hodis, S., S. Uthamaraj, ., D. Dragomir-Daescu. 2013. Computa-
tional fluid dynamics simulation of an anterior communicating artery
ruptured during angiography. BMJ Case Rep. March 7, 2013.
31. Shojima, M., M. Oshima, ., T. Kirino. 2004. Magnitude and role of
wall shear stress on cerebral aneurysm: computational fluid dynamic
study of 20 middle cerebral artery aneurysms. Stroke. 35:2500–2505.
32. Depaola, N., M. A. Gimbrone, ., C. F. Dewey, Jr. 1992. Vascular
endothelium responds to fluid shear-stress gradients (Vol 12, 1254–
1257, 1992). Arterioscler. Thromb. 13:465–465.
33. Chiu, J. J., D. L. Wang,., S. Usami. 1998. Effects of disturbed flow on
endothelial cells. J. Biomech. Eng. 120:2–8.34. Remuzzi, A., C. F. Dewey, Jr., ., M. A. Gimbrone, Jr. 1984.
Orientation of endothelial cells in shear fields in vitro. Biorheology.
21:617–630.
35. Ting, L. H., J. R. Jahn,., N. J. Sniadecki. 2012. Flow mechanotrans-
duction regulates traction forces, intercellular forces, and adherens
junctions. Am. J. Physiol. Heart Circ. Physiol. 302:H2220–H2229.
36. Reference deleted in proof.
37. White, C. R., M. Haidekker, ., J. A. Frangos. 2001. Temporal
gradients in shear, but not spatial gradients, stimulate endothelial cell
proliferation. Circulation. 103:2508–2513.
38. White, C. R., H. Y. Stevens, ., J. A. Frangos. 2005. Temporal
gradients in shear, but not spatial gradients, stimulate ERK1/2 activa-
tion in human endothelial cells. Am. J. Physiol. Heart Circ. Physiol.
289:H2350–H2355.
39. LaMack, J. A., and M. H. Friedman. 2007. Individual and combined
effects of shear stress magnitude and spatial gradient on endothelial
cell gene expression. Am. J. Physiol. Heart Circ. Physiol. 293:
H2853–H2859.
40. Tsou, J. K., R. M. Gower,., S. I. Simon. 2008. Spatial regulation of
inflammation by human aortic endothelial cells in a linear gradient of
shear stress. Microcirculation. 15:311–323.
41. Mohan, S., N. Mohan,., E. A. Sprague. 1999. Regulation of low shear
flow-induced HAEC VCAM-1 expression and monocyte adhesion. Am.
J. Physiol. 276:C1100–C1107.
42. Rouleau, L., M. Farcas, ., R. L. Leask. 2010. Endothelial cell
morphologic response to asymmetric stenosis hemodynamics: effects
of spatial wall shear stress gradients. J. Biomech. Eng. 132:081013.
43. Dolan, J. M., H. Meng,., J. Kolega. 2011. High fluid shear stress and
spatial shear stress gradients affect endothelial proliferation, survival,
and alignment. Ann. Biomed. Eng. 39:1620–1631.
44. Szymanski, M. P., E. Metaxa, ., J. Kolega. 2008. Endothelial cell
layer subjected to impinging flow mimicking the apex of an arterial
bifurcation. Ann. Biomed. Eng. 36:1681–1689.
45. Sakamoto, N., N. Saito,., M. Sato. 2010. Effect of spatial gradient in
fluid shear stress on morphological changes in endothelial cells in
response to flow. Biochem. Biophys. Res. Commun. 395:264–269.
46. Sato, M., N. Saito,., T. Ohashi. 2010. High wall shear stress gradient
suppress morphological responses of endothelial cells to fluid flow.
IFMBE Proc. 25:312–313.
47. Karpanen, T., and K. Alitalo. 2008. Molecular biology and pathology
of lymphangiogenesis. Annu. Rev. Pathol. 3:367–397.
48. Schindelin, J., I. Arganda-Carreras, ., A. Cardona. 2012. Fiji: an
open-source platform for biological-image analysis. Nat. Methods.
9:676–682.
49. Walter, J. 2007. FFT Bandpass Filter. http://rsbweb.nih.gov/ij/plugins/
fft-filter.html.
50. Leal, L. G. 2007. Advanced Transport Phenomena: Fluid Mechanics
of Convective Transport Processes. Cambridge University Press,
New York.
51. Chung, T. J. 2010. Computational Fluid Dynamics. Cambridge
University Press, New York.
52. Tzima, E., M. Irani-Tehrani,., M. A. Schwartz. 2005. A mechanosen-
sory complex that mediates the endothelial cell response to fluid shear
stress. Nature. 437:426–431.
53. Metaxa, E., H. Meng, ., J. Kolega. 2008. Nitric oxide-dependent
stimulation of endothelial cell proliferation by sustained high flow.
Am. J. Physiol. Heart Circ. Physiol. 295:H736–H742.
54. Lin, K., P. P. Hsu, ., S. Chien. 2000. Molecular mechanism of
endothelial growth arrest by laminar shear stress. Proc. Natl. Acad.
Sci. USA. 97:9385–9389.
55. Haidekker, M. A., C. R. White, and J. A. Frangos. 2001. Analysis of
temporal shear stress gradients during the onset phase of flow over a
backward-facing step. J. Biomech. Eng. 123:455–463.Biophysical Journal 106(2) 366–374
374 Ostrowski et al.56. Levesque, M. J., and R. M. Nerem. 1985. The elongation and orienta-
tion of cultured endothelial cells in response to shear stress. J. Biomech.
Eng. 107:341–347.
57. Teichmann, J., A. Morgenstern, ., T. Pompe. 2012. The control of
endothelial cell adhesion and migration by shear stress and matrix-
substrate anchorage. Biomaterials. 33:1959–1969.
58. Lopez-Quintero, S. V., R. Amaya, ., J. M. Tarbell. 2009. The endo-
thelial glycocalyx mediates shear-induced changes in hydraulic con-
ductivity. Am. J. Physiol. Heart Circ. Physiol. 296:H1451–H1456.
59. Pahakis, M. Y., J. R. Kosky,., J. M. Tarbell. 2007. The role of endo-
thelial glycocalyx components in mechanotransduction of fluid shear
stress. Biochem. Biophys. Res. Commun. 355:228–233.
60. Tarbell, J. M., and E. E. Ebong. 2008. The endothelial glycocalyx: a
mechano-sensor and -transducer. Sci. Signal. 1:1–5.
61. Tarbell, J. M., and M. Y. Pahakis. 2006. Mechanotransduction and the
glycocalyx. J. Intern. Med. 259:339–350.
62. Tarbell, J. M., and Z. D. Shi. 2013. Effect of the glycocalyx layer
on transmission of interstitial flow shear stress to embedded cells.
Biomech. Model. Mechanobiol. 12:111–121.
63. Weinbaum, S., J. M. Tarbell, and E. R. Damiano. 2007. The structure
and function of the endothelial glycocalyx layer. Annu. Rev. Biomed.
Eng. 9:121–167.
64. Davies, P. F., A. Robotewskyj, and M. L. Griem. 1994. Quantitative
studies of endothelial cell adhesion. Directional remodeling of focal
adhesion sites in response to flow forces. J. Clin. Invest. 93:2031–2038.
65. Uttayarat, P., M. Chen, ., P. I. Lelkes. 2008. Microtopography and
flow modulate the direction of endothelial cell migration. Am. J. Phys-
iol. Heart Circ. Physiol. 294:H1027–H1035.Biophysical Journal 106(2) 366–37466. Goldyn, A. M., B. A. Rioja, ., R. Kemkemer. 2009. Force-induced
cell polarisation is linked to RhoA-driven microtubule-independent
focal-adhesion sliding. J. Cell Sci. 122:3644–3651.
67. Cooke, J. P., E. Rossitch, Jr., ., V. J. Dzau. 1991. Flow activates an
endothelial potassium channel to release an endogenous nitrovasodila-
tor. J. Clin. Invest. 88:1663–1671.
68. Ohno, M., G. H. Gibbons,., J. P. Cooke. 1993. Shear stress elevates
endothelial cGMP. Role of a potassium channel and G protein
coupling. Circulation. 88:193–197.
69. Egorova, A. D., P. P. Khedoe,., B. P. Hierck. 2011. Lack of primary
cilia primes shear-induced endothelial-to-mesenchymal transition.
Circ. Res. 108:1093–1101.
70. Egorova, A. D., K. van der Heiden, ., B. P. Hierck. 2012. Primary
cilia as biomechanical sensors in regulating endothelial function.
Differentiation. 83:S56–S61.
71. Hierck, B. P., K. Van der Heiden, ., R. E. Poelmann. 2008. Primary
cilia sensitize endothelial cells for fluid shear stress. Dev. Dyn. 237:
725–735.
72. Van der Heiden, K., A. D. Egorova, ., B. P. Hierck. 2011. Role for
primary cilia as flow detectors in the cardiovascular system. Int. Rev.
Cell. Mol. Biol. 290:87–119.
73. Van der Heiden, K., B. P. Hierck,., R. E. Poelmann. 2008. Endothe-
lial primary cilia in areas of disturbed flow are at the base of atheroscle-
rosis. Atherosclerosis. 196:542–550.
74. Isshiki, M., J. Ando, ., R. G. Anderson. 2002. Sites of Ca2þ wave
initiation move with caveolae to the trailing edge of migrating cells.
J. Cell Sci. 115:475–484.
75. Yamamoto, K., K. Furuya, ., J. Ando. 2011. Visualization of flow-
induced ATP release and triggering of Ca2þ waves at caveolae in
vascular endothelial cells. J. Cell Sci. 124:3477–3483.
